Microstructural changes taking place during the heating of spherical calcium-phosphate (Ca 10 (PO 4 ) 6 (OH) 2 (HAp) and β-Ca 3 (PO 4 ) 2 ) agglomerates prepared by spray-pyrolysis and freeze-drying techniques have been reviewed. The powders are prepared (1) by the spray-pyrolysis of calcium phosphate (Ca/P ratio=1.50 and 1.67) solution containing Ca(NO 3 ) 2 , (NH 4 ) 2 HPO 4 and concentrated HNO 3 at 600°C, and (2) by the flash freezing of droplets (Ca(CH 3 COO) 2 , PO(OCH 3 ) 3 and concentrated HNO 3 ) in a cryogen, subliming of water ice under reduced pressures, and finally heat-treating of freeze-dried powder at 900°C for 1 h. In both techniques the resulting powders are composed of spherical agglomerates, reflecting the outward form of the starting droplets. The spray-pyrolyzed and heat-treated powder is generally composed of hollow spherical agglomerates, except for the case of ultrasonic spraying of droplets from 0.5 mol·dm -3 Ca(NO 3 ) 2 /0.3 mol·dm -3 (NH 4 ) 2 HPO 4 or higher concentration where dense spherical agglomerates are produced. The freeze-dried β-Ca 3 (PO 4 ) 2 and HAp powders are prepared from solutions with Ca/P ratios of 1.44 and 1.67, respectively, and comprise of agglomerates with weakly-bonded particles.
INTRODUCTION Calcium
phosphates, e.g., hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HAp) and calcium orthophosphate (Ca 3 (PO 4 ) 2 ), are suitable bone and tooth implant materials. 1 The porous form of HAp is currently used as a bone substitute for biological fixation, whereas the dense form has applications including space filler material for bioactive fixation. 1, 2 In the case of Ca 3 (PO 4 ) 2 , two phases exist, namely α and β, that are used in different applications. For example, porous β-Ca 3 (PO 4 ) 2 ceramic is used as a bioresorbable material, i.e., permeation of cells/tissues into the pores and subsequent bioresorption within the body, 2 whereas α-Ca 3 (PO 4 ) 2 powder is a major component of calcium phosphate paste (CPP) for the repair of defects in living bones. 3 A main advantage of CPP is that it rapidly sets to a hard mass which is highly biocompatible and gradually replaced by new bone in vivo.
The present authors have investigated the properties of various kinds of calcium-phosphate powders prepared by the removal of solvent from droplets, i.e., spray-pyrolysis and freeze-drying techniques. The spray-pyrolysis technique involves the simultaneous spray-pyrolysis of solutions containing desired types and amounts of metal ions into the "hot zone" of a furnace. The resulting powders have the following characteristics: (1) homogeneous chemical composition and submicrometer-sized particles due to flash pyrolysis and solid-state reaction, (2) strict control of the chemical composition (provided that one can control the chemical composition of the starting solution), and (3) formation of hollow spherical agglomerates, reflecting the outward form of the starting droplets.
Similar resulting powders can be obtained from the freeze-drying technique as follows: (i) immersion of droplets, formed by spraying a solution with the desired amounts of components, into the cryogen, (ii) collection of the frozen materials from the cryogen, (iii) sublimation of water ice from the frozen materials under reduced pressure, and (iv) heating of the freeze-dried materials to form powders with the desired chemical compositions. The freezing of smaller droplets is an advantage for the preparation of powder with homogeneous chemical composition as the flash freezing procedure restricts segregation of the component ions. Review Through our investigation, the presence of spherical agglomerates is noted in powders prepared using the spray-pyrolysis and freeze-drying techniques. The present review includes previous research by the authors on the morphological and microstructural changes of agglomerates that are varied due to many factors, such as the type of nozzle for spraying the starting solution and the calcium/phosphorus ratio in the starting solution, with the prospect that these spherical agglomerates may be utilized as bioresorbable materials.
FORMATION PROCESS OF HOLLOW SPHERICAL AGGLOMERATES BY SPRAY-PYROLYSIS
The spray-pyrolysis technique involves the spraying of solutions with desired types and amounts of metal ions into the "hot zone" of an electric furnace and subsequent flash pyrolysis of the resulting metal salts to form a metal-oxide powder. A schematic diagram of the spray-pyrolysis apparatus is shown in Fig. 1 . 4 The metal-oxide solution is sprayed into the "hot zone" of an electric furnace heated at 600°C using an air-liquid nozzle or ultrasonic vibrator with the spray-pyrolysis temperature being monitored using a thermocouple. The resulting spray-pyrolyzed powder is collected using a test-tube type filter, whereas water vapor containing various salts is condensed using a condenser.
Spray-pyrolysis of the starting solution generally results in the formation of hollow spherical agglomerates. The mechanism for the formation of such hollow spherical agglomerates is shown schematically in Fig. 2 . 4 When the droplet is introduced into the hot zone of the electric furnace, evaporation of water vapor Review nozzle, are shown in Fig. 3 . 7 The spherical agglomerates with diameters of 1 to 5 µm in the spray-pyrolyzed powder ( Fig. 3(a) ) are composed of closely-packed particles with sizes below approximately 0.1 µm, with no significant porosity being noted on the surface and inside of the spherical agglomerates ( Fig. 3(b) ); the electron diffraction pattern indicating the presence of broad rings that suggests a poorly crystalline phase. nozzle, are shown in Fig. 3 . 7 The spherical agglomerates with diameters of 1 to 5 µm in the spray-pyrolyzed powder ( Fig. 3(a) ) are composed of closely-packed particles with sizes below approximately 0.1 µm, with no significant porosity being noted on the surface and inside of the spherical agglomerates ( Fig. 3(b) ); the electron diffraction pattern indicating the presence of broad rings that suggests a poorly crystalline phase. any further elimination of water vapor results in the creation of pores inside the spherical agglomerate ( Fig.  2 
The diameter of the spherical agglomerate varies according to the type of nozzle used for spraying the solution, i.e., air-liquid nozzle and ultrasonic vibrator. When an air-liquid nozzle is used for the spraying the solution, the resulting droplet diameter (G DROP ) can be calculated using the following equation: 5 The TEM micrograph ( Fig. 3(b) ) indicates the spray-pyrolyzed β-Ca 3 (PO 4 ) 2 agglomerates to be generally composed of closely-packed particles. Pore radii of the agglomerates, measured quantitatively using the nitrogen adsorption technique, are shown in Fig. 4 . 7 The quantity ∆V p /∆R p (V p and R p represent pore volume and radius, respectively) in the vertical coordinate indicates the specific pore volume per pore radius with higher ∆V p /∆R p values indicating a larger volume of porosity at that particular pore radius value. Most of the pore radii for the spray-pyrolyzed powder are found to be distributed in the range of 0 to 0.075 µm (75 nm). Thus, the pore-size distributions prove that only very small pores are present within the spray-pyrolyzed powder.
The TEM micrograph ( Fig. 3(b) ) indicates the spray-pyrolyzed β-Ca 3 (PO 4 ) 2 agglomerates to be generally composed of closely-packed particles. Pore radii of the agglomerates, measured quantitatively using the nitrogen adsorption technique, are shown in Fig. 4 . 7 The quantity ∆V p /∆R p (V p and R p represent pore volume and radius, respectively) in the vertical coordinate indicates the specific pore volume per pore radius with higher ∆V p /∆R p values indicating a larger volume of porosity at that particular pore radius value. Most of the pore radii for the spray-pyrolyzed powder are found to be distributed in the range of 0 to 0.075 µm (75 nm). Thus, the pore-size distributions prove that only very small pores are present within the spray-pyrolyzed powder.
(1) l 1000 597 585
where ρ is the droplet density, σ is the surface tension, µ is the viscous coefficient, ν is the velocity of air, Q l is the flow rate of liquid and Q a is the flow rate of air.
In contrast to this, the droplet diameter formed through use of the ultrasonic vibrator is calculated as follows: 6 (2)
Furthermore, the microstructure of smaller agglomerates is investigated by changing the type of nozzle from air-liquid nozzle to ultrasonic vibrator. Typical micrographs of HAp agglomerates prepared from spray-pyrolysis using an ultrasonic vibrator are shown in Fig. 5 . It is noted that submicrometer-sized HAp agglomerates can be prepared through the spray-pyrolysis of a very dilute solution; the resulting agglomerates are composed of closely-packed particles with sizes below approximately 0.1 µm ( Fig.  5(a) ). As noted previously, no distinct porosity on the surface and inside of the spherical agglomerates is observed in the spray-pyrolyzed powder ( Fig. 5(b) ).
where f is the  frequency of the ultrasonic vibrator.
Spray-pyrolysis of the solution through an air-liquid nozzle generally results in droplets with diameters of approximately 10 µm, 5 whereas use of an ultrasonic vibrator produces droplets with diameters of typically 1-2 µm (f >1MHz). 6 The diameters of the resulting spherical agglomerates closely reflects these droplet diameters.
MICROSTRUCTURES OF SPRAY-PYROLYZED
CALCIUM-PHOSPHATE AGGLOMERATES As shown in the SEM and TEM micrographs, as-prepared calcium-phosphate powder is generally As shown in the SEM and TEM micrographs, as-prepared calcium-phosphate powder is generally The calcium-phosphate powders are prepared by spray-pyrolyzing a solution containing Ca(NO 3 ) 2 , (NH 4 ) 2 HPO 4 and concentrated HNO 3 at 600°C. Typical micrographs of β-Ca 3 (PO 4 ) 2 agglomerates obtained by spray-pyrolysis of such a solution, using an air-liquid composed of spherical agglomerates with closely-packed particles. The resulting powder has, however, some problems from the viewpoints of: (i) poorly crystalline phases due to simultaneous spray-pyrolysis of the solution, and (ii) the presence of residual materials such as nitrates and water. However, both these problems may be overcome by heat-treatment of the spray-pyrolyzed powder.
The phase changes during heating of powder (obtained by spray-pyrolysis of a solution using an air-liquid nozzle) are examined using the DTA-TG method with results being shown in Fig. 6 . The DTA curve is seen to contain two endothermic events, i.e., one event that occurs shortly after the commencement of heating and another, weaker, event that starts at 1150°C. In contrast to this, the TG curve indicates step-wise mass losses in the ranges of room temperature to 200°C and 200 to 800°C.
The phase changes occurring during heating of the spray-pyrolyzed powder may be divided into three stages: (i) the elimination of residual water and nitrates Heating rate: 10°C· min -1 (room temperature to 800°C), (ii) solid-state reactions in order to form β-Ca 3 (PO 4 ) 2 , and (iii) transformation of βto α-Ca 3 (PO 4 ) 2 (1150°C). The transformation of βto α-Ca 3 (PO 4 ) 2 may also be verified by dimensional changes of a β-Ca 3 (PO 4 ) 2 powder compact as noted in our previous work. 8 Changes in the specific surface area (SSA) with increasing heat-treatment temperature are shown in Fig. 7 , together with typical morphologies. 7 While the specific surface area of the spray-pyrolyzed powder is initially 21.0 m 2 ·g -1 , this decreases to 1.7 m 2 ·g -1 with increasing heat-treatment temperature up to 1000°C. Upon further heating to 1400°C, the specific surface area is further reduced to approximately 1 m 2 ·g -1 .
The spray-pyrolyzed powder and the powders heat-treated at temperatures between 800°C and Review 1100°C for 10 min are seen to be composed of spherical agglomerates with diameters below 10 µm. In contrast to this, further heating to 1400°C results in partial sintering of the agglomerate particles and the formation of a three-dimensional network containing pores with sizes in the range of 5 to 10 µm.
The significant morphological changes at temperatures exceeding 1100°C may be attributed not only to sintering of the particles but also to the transformation of βto α-Ca 3 (PO 4 ) 2 . On the basis of this information, changes in the morphology and microstructure of spherical agglomerates heat-treated at temperatures between 800 and 1000°C are examined, as the spherical morphology remains unchanged in this temperature range.
SEM and TEM micrographs of the powders heat-treated at 800 to 1000°C for 10 min are shown in Fig. 8 . 7 The spherical agglomerates in the powder heat-treated at 800°C for 10 min comprise of polyhedral particles with sizes below 1 µm together with irregularly shaped pores (also below 1 µm); small agglomerates also stick to the larger ones (see arrow marks). In contrast to this, the spherical agglomerates in powder heat-treated at 900°C for 10 min are comprised of particles with sizes of approximately 1 µm, together with irregularly shaped pores with sizes in the range of 1 to 3 µm; the electron diffraction pattern indicates a crystalline structure. On the other hand, spherical agglomerates in the powder heat-treated at 1000°C for 10 min are composed of particles with a typical size of 1 µm; the number of pores for this powder is much smaller compared to that of the powder heat-treated at 900°C for 10 min. The spherical agglomerates in this heat-treated powder appear to be hollow and contain dense shells; these agglomerates stick to one another.
Following this, pore diameters of the agglomerates in this powder were quantitatively measured using mercury porosimetry, as shown in Fig. 9 for the powder heat-treated at 900°C for 10 min. 7 The powder contains pores with a bimodal distribution of diameters in the ranges of 0.1 to 4 µm and 10 to 400 µm. The mean pore diameter of this powder is 1.8 µm.
As the present data indicates, the spray-pyrolyzed powder contains spherical agglomerates with closely-packed particles. Morphological and microstructural changes during heating of spray-pyrolyzed powder are schematically illustrated in Fig. 10 and appear to proceed via the rearrangement of particles and the coalescence of pores ( Fig. 10 (a)→(b)), together with coalescence of smaller agglomerates with the larger agglomerates. Following this is a slight increase in median agglomerate diameter together with the formation of shells (Fig 10(c) ), and finally the formation of three-dimensional networks ( Fig. 10(d) ).
As indicated in the TEM micrographs, no significant porosity is observed on the surface of the spherical agglomerates in the spray-pyrolyzed powder. In fact, the pore sizes are distributed over a range of small pore sizes, i.e., 0 to 0.075 µm (75 nm). On the other hand, pores with diameters in the range of 0.1 to 4 µm are present in the powder heat-treated at 900°C for 10 min with the formation of these pores being attributed to the coalescence of smaller pores. Pores with diameters in the range of 10 to 400 µm, as detected by mercury porosimetry, indicates the presence of pores amongst the spherical agglomerates and also amongst agglomerates of these spherical agglomerates (i.e., inter-agglomerate pores).
On the other hand, microstructural changes taking place in the spherical HAp agglomerates prepared by the ultrasonic vibrator are shown in Fig. 11 . Note that the spray-pyrolyzed agglomerates are heat-treated at 800°C for 10 min as these smaller agglomerates tend to be deformed due to rapid sintering at a lower temperature when compared to the case of larger agglomerates prepared using an air-liquid nozzle. It should be noted that the diameters of the spherical agglomerates are submicrometer-sized and independent of the concentrations of the starting solutions. Spherical agglomerates obtained by the spray-pyrolysis of starting solutions with 0. The formation route for hollow spherical agglomerates in the case of an ultrasonic vibrator is thought to be essentially the same as for the case of the air-liquid nozzle. Spray-pyrolysis of the starting solution with a concentration of 0.5/0.3 or higher results in the formation of spherical agglomerates with closely-packed particles; only a small amount of porosity may be formed following the heat treatment. On the other hand, the spray-pyrolysis of solutions with a lower concentration results in the formation of a larger amount of porosity, thereby resulting in the formation of hollow agglomerates during the heat treatment.
Agglomerate diameters for these spray-pyrolyzed and heat-treated HAp powders have been examined quantitatively as shown in Fig. 12 . The median diameter of the spray-pyrolyzed powder is seen to decrease with decreasing concentration of starting solution. The median diameter of spherical agglomerates obtained by the spray-pyrolysis of 0.0167/0.010 solution becomes as small as 0.35 µm. Such a small diameter may be achieved not only due to the smaller droplet sizes but also due to elimination of a larger amount of the solvent (water) during spray-pyrolysis.
Since hollow spherical agglomerates with a median diameter as small as 0.35 µm may be prepared by the spray-pyrolysis of 0.0167/0.0100 solution, the pore diameters were measured by mercury porosimetry with the results being shown in Fig. 13 . The pore diameter is seen to vary from 0.045 to 210 µm. On the basis of SEM and TEM micrographs, the diameters of pores on the surfaces of agglomerates seem to be around 0.18 µm whereas diameters larger than approximately 0.3 µm correspond to those present between agglomerates, i.e., inter-agglomerate pores.
Fig. 12
Agglomerate-diameter distributions of the HAp powder obtained by spray-pyrolysis and subsequently heat-treatment at 800°C for 10 min. On the basis of the data shown above, the following conclusions are obtained: (i) the spray-pyrolyzed agglomerates, i.e., as-prepared agglomerates, are generally filled with solid materials, (ii) the spherical agglomerates with diameters above 1 µm become h o l l o w f o l l o w i n g h e a t -t r e a t m e n t o f t h e spray-pyrolyzed agglomerates, (iii) no significant quantity of porosity may be formed, even following heat-treatment, for spherical agglomerates with diameters above 1 µm, and (iv) spherical agglomerates with diameters below 1 µm appear to be hollow following heat-treatment of the spray-pyrolyzed agglomerates, chiefly due to the formation of pores by the spray-pyrolysis of dilute solution. Such hollow On the basis of the data shown above, the following conclusions are obtained: (i) the spray-pyrolyzed agglomerates, i.e., as-prepared agglomerates, are generally filled with solid materials, (ii) the spherical agglomerates with diameters above 1 µm become h o l l o w f o l l o w i n g h e a t -t r e a t m e n t o f t h e spray-pyrolyzed agglomerates, (iii) no significant quantity of porosity may be formed, even following heat-treatment, for spherical agglomerates with diameters above 1 µm, and (iv) spherical agglomerates with diameters below 1 µm appear to be hollow following heat-treatment of the spray-pyrolyzed agglomerates, chiefly due to the formation of pores by the spray-pyrolysis of dilute solution. Such hollow Review agglomerates may be a promising material for drug delivery systems, partly because these hollow agglomerates are able to be filled with certain drugs, and partly because these submicrometer-or nanometer-sized agglomerates may easily pass through the blood vessels.
EFFECT OF ORGANIC COMPOUND ADDITION TO THE SPRAYING SOLUTION ON POROSITY
OF SPRAY-PYROLYZED POWDER As described above, hollow spherical calcium-phosphate agglomerates can be prepared by spray-pyrolysis of a solution. In order to prepare hollow spherical agglomerates with a larger amount of porosity, the authors examined the burn-out of residual carbon formed by the spray-pyrolysis of solution containing organic compounds. A schematic diagram for the creation of pores in such spherical agglomerates is shown in Fig. 14. The solution containing an organic compound is pyrolyzed to form carbon ( Fig. 14(a) → (b) ). Following burn-out of the residual carbon, the regions remain as porosity ( Fig.  14(c) ).
The present section includes fundamental information concerning the control of pore size and microstructure of calcium-phosphate agglomerates prepared by spray-pyrolysis of solutions containing the following dissolved organic compounds: citric acid, L-maleic acid and glutaric acid. The rationale behind the presence of the organic compounds is to encourage increased porosity following the burn-out of free carbon in the spray-pyrolyzed powder.
In order to examine the temperature required for burn-out of the residual carbon in the spray-pyrolyzed powder, DTA-TG of the resulting powder was conducted with results being shown in Fig. 15 .
DTA-TG results for the spray-pyrolyzed β-Ca 3 (PO 4 ) 2 powder indicate the presence of an exothermic obtained by the spray-pyrolysis of solution with organic compound, using air-liquid nozzle. Heating rate: 10°C·min -1 reaction, together with a reduction in mass, at approximately 800˚C; this being attributed to the combustion of free carbon originating from the organic compound. 9 The endothermic phenomena which initiate at approximately room temperature and 1150°C are attributed to the elimination of physically-adsorbed water and transformation of βto α-Ca 3 (PO 4 ) 2 , respectively.
On the basis of the above results, the effect of the type of organic compound (i.e., glutaric acid, L-maleic acid and citric acid) in the spraying solutions was examined by fixing the concentration at 0.2 mol·dm -3 . Typical SEM micrographs of the resulting agglomerates are shown in Fig. 16 . Note that the spray-pyrolyzed powders are heat-treated at 900°C for 10 min. The spherical agglomerates are seen to contain numerous pores on their surfaces with no significant influence of starting organic compound on the agglomerate shape.
The agglomerate diameters of the spray-pyrolyzed (and heat-treated) powders, calculated from SEM micrographs, are found to be distributed in the range of 1 to 12 µm. The mean diameters of the β-Ca 3 (PO 4 ) 2 powders are arranged as follows: 3.5 µm (glutaric acid) > 2.9 µm (L-maleic acid) ≈ 3.0 µm (citric acid) > 1.3 µm (no addition). Since the droplet size for each solution is approximately 6 µm, the size reduction from droplet to agglomerate may be restricted due to the presence of the organic compounds in the spraying solution. This fact suggests that materials, such as carbon, hydrocarbon or gas formed by the pyrolysis of an organic compound, may limit any reduction in size of the agglomerates. 
Incremental intrusion / cm 3 ·g -1
On the other hand, the SSA values vary significantly according to the type of organic compound as follows: 10.5 m 2 ·g -1 (glutaric acid) > 8.4 m 2 ·g -1 (L-maleic acid) > 6.5 m 2 ·g -1 (citric acid) > 1.7 m 2 ·g -1 (no addition). The magnitude of SSA may thus reflect not only the particle sizes but also pore sizes.
The porosity of the β -Ca 3 (PO 4 ) 2 powders was further examined using mercury porosimetry with the results being shown in Fig. 18 . 9 Pore diameters for the powders are seen to be concentrated in the ranges of 0.1 to 8µm and 8 to 200 µm. On the basis of SEM micrographs, the pore populations with diameters of 8 to 200 µm are regarded to be inter-agglomerate pores, whereas those with diameters of 0.1 to 8 µm correspond to intra-agglomerate pores, i.e., the pores present on the surfaces and inside of agglomerates. present on the surfaces and inside of agglomerates.
No distinct pores appear to be present (prior to heat treatment) in the agglomerates spray-pyrolyzed using organic compounds. Nevertheless, heat treatment of No distinct pores appear to be present (prior to heat treatment) in the agglomerates spray-pyrolyzed using organic compounds. Nevertheless, heat treatment of spray-pyrolyzed using 0.2 mol·dm -3 of citric acid; the powders were heat-treated at 900˚C for 10 min. 9 the powders contributes to the formation of pores due to the burn-out of residual carbon. Microstructural changes in spray-pyrolyzed powder therefore proceed via the rearrangement of particles and the coalescence of smaller pores. The pore-diameter distributions for these agglomerates should be related to those of residual carbons formed by the spray-pyrolysis of the solutions containing organic compounds. The carbon content in one mole of organic compound is: 45.5% (glutaric acid) >37.5% (citric acid) > 35.8% (L-maleic acid). The reason for the highest specific surface area of β -TCP powder spray-pyrolyzed using glutaric acid may thus be explained in terms of the residual carbon content. Other cases, however, cannot be explained on the basis of this hypothesis. Further investigation may be required in order to clarify the mechanism of pore formation.
the powders contributes to the formation of pores due to the burn-out of residual carbon. Microstructural changes in spray-pyrolyzed powder therefore proceed via the rearrangement of particles and the coalescence of smaller pores. The pore-diameter distributions for these agglomerates should be related to those of residual carbons formed by the spray-pyrolysis of the solutions containing organic compounds. The carbon content in one mole of organic compound is: 45.5% (glutaric acid) >37.5% (citric acid) > 35.8% (L-maleic acid). The reason for the highest specific surface area of β -TCP powder spray-pyrolyzed using glutaric acid may thus be explained in terms of the residual carbon content. Other cases, however, cannot be explained on the basis of this hypothesis. Further investigation may be required in order to clarify the mechanism of pore formation.
Fig. 18
Pore diameter distributions of the β-Ca 3 (PO 4 ) 2 powders spray-pyrolyzed using (a) citric acid, (b) L-maleic acid and (c) glutaric acid. 9 Note that the powders were heat-treated at 900˚C for 10 min. Since the hollow spherical agglomerates include nanometer-scale porosity within them, such space may be utilized practically. For example, porous ceramic may be fabricated by the compaction of these agglomerates without fracturing such agglomerates and then be utilized as scaffold for biomaterials. A typical SEM micrograph of the porous β -Ca 3 (PO 4 ) 2 ceramic fabricated by firing the compact at 900˚C for 2 h is shown in Fig. 19 . Note that this ceramic was cut using a diamond saw in order to examine the cross-section of the ceramic. The porosity of this ceramic (diameter: 4.9 mm, height: 1 mm) is estimated to be 55%. Regardless of sintering between spherical agglomerates, pores still remain not only inside of the original agglomerates (estimated pore diameter: 1-10 µm) but also at the surfaces of these agglomerates (estimated pore diameter: around 1 µm). appearance of the specimen shape being found immediately following implantation ( Fig. 20(a) ). However, after 12 weeks implantation the radiograph of the CPP/50 mass% β -Ca 3 (PO 4 ) 2 specimen shows clear regression of the opacity, which suggests that the addition of β -Ca 3 (PO 4 ) 2 agglomerates contributes to the enhancement of bioresorbability.
µm µm
As the above application indicates, hollow spherical agglomerates may be utilized as bioresorbable materials. In light of this, further application in many fields may be expected to utilize the nanometer-scale pores within the spherical agglomerates.
MICROSTRUCTURES OF CALCIUM-PHOSPHATE AGGLOMERATES PREPARED BY FREEZE-DRING
The freeze-drying technique is a process in which droplets, formed by spraying a solution with the desired amounts of components, are immersed into liquid nitrogen. The frozen materials are then collected from the liquid nitrogen and the water ice is sublimed from the frozen materials under reduced pressure. Finally, the freeze-dried materials are heated to form the desired chemical compound. The resulting powder has the advantages of molecular-scale homogeneity, due to flash freezing in the cryogen, and minimal agglomeration, due to the sublimation of water ice in the freeze-drying process.
A theoretical development concerning the freeze-drying technique has been reported by McGrath and Laine. 10 They predicted that aqueous droplets may be frozen homogeneously even at 200 K ( 73°C) when the droplet diameters are reduced to 1 Review µm. On the basis of this theory, the present authors assembled a novel ultrasonic spray freeze-drying (USFD) apparatus in which droplets of approximate diameter 2 µm could be freeze-dried without immersing them into a cryogen. 11, 12 Calcium phosphates were chosen for the present study as the preparation conditions for various calcium phosphates by a conventional freeze-drying technique have not been reported, and also because the authors possessed experience concerning preparation conditions of calcium phosphates by spray-pyrolysis. The authors have thus examined the preparation conditions of multi-component materials such as calcium phosphates using this novel USFD technique. 12 A schematic diagram of the USFD apparatus is presented in Fig. 21 . 12 Aqueous solutions (100 cm 3 ) containing the desired amounts of calcium and phosphate ions are sprayed using an ultrasonic vibrator. By using helium as a carrier gas, droplets are introduced into a chamber with an internal diameter of 95 mm and height of 300 mm. The droplets are subsequently frozen onto the sides of a bottle filled with liquid nitrogen. In order to avoid evacuating the frozen materials during the spraying operation, a test-tube type filter was set at the outlet of the chamber. After completing this operation, the parts for spraying are removed and the ball joint is sealed. The frozen materials are then sublimed for 3 h under reduced pressure using a rotary pump. After the cryogen was replaced by dry ice, the water ice is further sublimed for 15 h under reduced pressure. The freeze-dried powder is then collected from the chamber and heated at 200°C for 15 h. The yield of the final product is 40% of the theoretical value. In this study calcium acetate (Ca(CH 3 COO) 2 ) and trimethyl phosphate (PO(OCH 3 ) 3 ) are used as starting materials. The concentration of Ca(CH 3 COO) 2 is fixed at 0.500 mol·dm 3 whilst that of PO(OCH 3 ) 3 is 0.300 mol·dm 3 ; a small amount of concentrated nitric acid (HNO 3 ) is added to the aqueous solution in order to avoid forming precipitates.
Seven types of solution with Ca/P ratios ranging from 1.00 to 1.67 are prepared. Here, CH 3 COOH is added to these solutions in order to promote the hydrolysis of PO(OCH 3 ) 3 as follows:
The reaction shown in Eq.
(3) appears to proceed more readily than that without the addition of CH 3 COOH due to the pHs of the aqueous solutions being reduced from approximately 6.5 down to 3.75-4.08 through the addition of CH 3 COOH. Even with the addition of CH 3 COOH, however, the hydrolysis of organic phosphates requires a long time. Thus, the hydrolysis temperature and time for the solution with CH 3 COOH addition are fixed to be 80°C and 100 h, respectively.
The resulting solutions are first freeze-dried using a cryogen (liquid nitrogen and dry ice) and then heated at 200°C for 15 h in order to avoid hygroscopicity. A typical SEM micrograph and X-ray diffraction pattern Review of the powder originating from a solution with a Ca/P ratio of 1.67 are shown in Fig. 22 . 12 The SEM micrograph shows the presence of spherical agglomerates with diameters of 1-3 µm along with partially collapsed agglomerates; the spherical agglomerates contain numerous pores ( Fig. 22(a) ). The X-ray diffraction pattern indicates the presence of amorphous material (Fig. 22(b) ). The freeze-dried material is then heated to form crystalline phases. The optimum heating temperature for the formation of crystalline phases is examined using DTA-TG with typical results for powder originating from a solution with a Ca/P ratio of 1.67 being shown in Fig. 23 . 12 The DTA curve indicates a sharp exothermic reaction that starts to appear at approximately 400°C. In contrast to this, the TG curve indicates that the mass of the powder is suddenly reduced at approximately 400°C and then gradually reduced with a further increase in temperature; the slope of the curve decreases above 900°C.
400°C and then gradually reduced with a further increase in temperature; the slope of the curve decreases above 900°C.
A sharp exothermic reaction and mass loss at about 400°C may be attributed to the burn-off of organic materials originating from Ca(CH 3 COO) 2 and PO(OCH 3 ) 3 . Although the data are omitted in this review, the DTA-TG curves of powder originating from the Ca(CH 3 COO) 2 and PO(OCH 3 ) 3 solution without CH 3 COOH addition includes not only an exothermic effect at approximately 400°C, but also a weak endothermic effect at 800 900°C. The endothermic effect at 800 900°C may be associated with the thermal decomposition of calcium carbonate (CaCO 3 ) to form CaO. When Hattori et al. 13 prepared HAp from Ca(CH 3 COO) 2 and triethyl phosphate (PO(OC 2 H 5 ) 3 ) solution by the conventional freeze-drying technique, the resulting powder contained not only HAp but also CaCO 3 and/or CaO.
A sharp exothermic reaction and mass loss at about 400°C may be attributed to the burn-off of organic materials originating from Ca(CH 3 COO) 2 and PO(OCH 3 ) 3 . Although the data are omitted in this review, the DTA-TG curves of powder originating from the Ca(CH 3 COO) 2 and PO(OCH 3 ) 3 solution without CH 3 COOH addition includes not only an exothermic effect at approximately 400°C, but also a weak endothermic effect at 800 900°C. The endothermic effect at 800 900°C may be associated with the thermal decomposition of calcium carbonate (CaCO 3 ) to form CaO. When Hattori et al. 13 prepared HAp from Ca(CH 3 COO) 2 and triethyl phosphate (PO(OC 2 H 5 ) 3 ) solution by the conventional freeze-drying technique, the resulting powder contained not only HAp but also CaCO 3 and/or CaO. These facts also demonstrate that the insufficiently-hydrolyzed organic phosphates are easily evaporated during heating.
These facts also demonstrate that the insufficiently-hydrolyzed organic phosphates are easily evaporated during heating.
Since most of the mass loss occur below 900°C, the heating temperature of the freeze-dried powder is selected to be 900°C with crystalline phases of the resulting powders being examined by X-ray diffractometry. The crystalline phase of the powders originating from aqueous solutions with Ca/P ratios of 1.00 and 1.10 is β-Ca 2 P 2 O 7 , whereas the crystalline phase from those with Ca/P ratios of 1.20 to 1.40 is β-Ca 3 (PO 4 ) 2 . Although the crystalline phases of powder originating from the solution with a Ca/P ratio of 1.50 are β-Ca 3 (PO 4 ) 2 and HAp, the crystalline phase of powder originating from the solution with a Ca/P ratio of 1.67 is only HAp.
In the case of powder originating from the solution with a Ca/P ratio of 1.50, the crystalline phases are β-Ca 3 (PO 4 ) 2 and HAp. Since the stoichiometric Ca/P ratio of β-Ca 3 (PO 4 ) 2 is 1.50, the presence of β-Ca 3 (PO 4 ) 2 and HAp (Ca/P = 1.67) indicates that the Ca/P ratio of the powder may be higher than that of the starting solution. In order to check whether or not the Ca/P ratio of the powder is different from that of the starting solution, Ca/P ratios of these powders are examined using an energy dispersive X-ray microanalyzer with results being shown in Fig. 24 . The dotted line in this figure indicates the theoretical value where no change in Ca/P ratio occurs between the starting solution and resulting powder. The Ca/P ratios of the resulting powder are higher than those of the starting solution, except for the case of the solution with a Ca/P ratio of 1.67.
The discrepancy in Ca/P ratio between starting solution and resulting powder may be ascribed to the vaporization of insufficiently hydrolyzed organic phosphates during heating, regardless of the The discrepancy in Ca/P ratio between starting solution and resulting powder may be ascribed to the vaporization of insufficiently hydrolyzed organic phosphates during heating, regardless of the Review present; few spherical agglomerates which originate from the starting droplets are observed ( Fig. 25(b) ). hydrolysis due to reflux of the starting aqueous solution with CH 3 COOH at 80°C for 100 h.
Although there is little difference in properties between these powders, the particle shapes of the β-Ca 3 (PO 4 ) 2 powder are slightly different from those of HAp powder. The β-Ca 3 (PO 4 ) 2 particles appear to be more agglomerated than the HAp particles. The a g g lo me r a t ion o f th e β -C a 3 (PO 4 ) 2 p o w d e r Nevertheless, the difference in Ca/P ratio between starting solution and resulting powder appears to be negligible and HAp with the stoichiometric Ca/P ratio may be prepared from a solution with the Ca/P ratio of 1.67.
The pure β-Ca 3 (PO 4 ) 2 and HAp powders may be prepared by controlling the Ca/P ratios of the starting solutions. The Ca/P ratios of the starting solutions are determined to be 1.44 for the preparation of β-Ca 3 (PO 4 ) 2 and 1.67 for the preparation of HAp, due to the organic phosphates which are not sufficiently h y d r o l y z e d b e i n g e v a p o r a t e d d u r i n g may thus be promoted when the insufficiently-hydrolyzed organic phosphates are evaporated during heating due to the interfacial solid-vapor reaction.
We now compare some properties of the present powders with those of the powders prepared by spraypyrolysis. The β-Ca 3 (PO 4 ) 2 and HAp powders prepared by spray-pyrolysis are composed of spherical agglomerates with submicrometer-sized particles. Such spherical agglomerates cannot be collapsed without grinding in the case of several micrometer-sized spherical agglomerate and virtually cannot be collapsed in the case of submicrometer-sized agglomerates. Although the freeze-dried powder also includes spherical agglomerates, these spherical agglomerates collapse spontaneously with increasing temperature up to 900°C due to the presence of numerous pores, i.e., a typical case of the freeze-dried powders. The authors therefore conclude that it becomes possible to prepare pure β-Ca 3 (PO 4 ) 2 and HAp powders using the USFD technique, and that the resulting powders exhibit minimal agglomeration due to the elimination of water ice under reduced pressures.
heating. Data for properties of the solutions and resulting powders are summarized in Table 1 . The density, surface tension and droplet diameter of the solutions with a Ca/P ratio of 1.44 are almost in agreement with those of the solution with a Ca/P ratio of 1.67.
By adjusting the Ca/P ratio of the starting solution to be 1.44, only β-Ca 3 (PO 4 ) 2 was detected in the powder. On the other hand, powder that originates from the solution with a Ca/P ratio of 1.67 contains only HAp. The specific surface areas and particle sizes of the β-Ca 3 (PO 4 ) 2 and HAp powders are 5-6 m 2 ·g -1 and 0.3-0.4 µm, respectively. As already described, HAp powder prepared by the conventional freeze-drying technique contains CaCO 3 and/or CaO. The reasons why β-Ca 3 (PO 4 ) 2 and HAp powders are successfully prepared by the present technique may be that the PO(OCH 3 ) 3 is hydrolyzed in the presence of the CH 3 COOH and that compositional segregation may be inhibited by flash freezing of the droplets as small as 2-3 µm.
It is noteworthy that the resulting spherical agglomerates are composed of weakly-bonded particles and easily fracture into individual particles when pulverized using a mortar and pestle. The main reason for the low strength may be that the residual water, which promotes agglomeration of the particles, is eliminated during sublimation of water ice prior to the heat-treatment. The resulting powder may be utilized as the starting powder for the fabrication of ceramics 14 due to it meeting the main requirements for
The particle shapes of these powders are observed using SEM with results being shown in Fig. 25 . The SEM micrograph of β-Ca 3 (PO 4 ) 2 powder shows that particles with sizes of approximately 1 µm are present and that some spherical agglomerates originating from the starting droplets remain ( Fig.  25(a) ). The SEM micrograph of HAp powder indicates that particles with sizes below 1 µm are sintering, i.e., (i) submicrometer-sized particles, (ii) (i) The starting powders were prepared by the spray-pyrolysis of calcium phosphate (Ca/P ratio=1.50 and 1.67) solution containing Ca(NO 3 ) 2 , (NH 4 ) 2 HPO 4 and concentrated HNO 3 at 600°C, using an air-liquid nozzle and ultrasonic vibrator. The spray-pyrolyzed powders are composed of spherical agglomerates, reflecting the outward form of the starting droplets. The spray-pyrolyzed and then heat-treated powder is composed of hollow spherical agglomerates with diameters of 1-10 µm (air-liquid nozzle), dense spherical agglomerates with diameters of 1-2 µm (ultrasonic vibrator), and hollow spherical agglomerates with diameters of <1 µm (ultrasonic vibrator; dilute solution). Pore sizes within spherical agglomerates are the largest for the powder heat-treated at a temperature between 800 and 900°C for 10 min.
